It is generally supposed that the preconcentration procedure is used for the determination of metal concentrations under the sensitivity of the measurement method. This study showed that preconcentration is also need for the beryllium (Be) concentration over the sensitivity of atomic absorption spectrometry. For this purpose, a simple and selective method for the determination of Be in solid samples is modified. The method is based on the preconcentration of the complexes of beryllium-acetylacetone plus morin, oxine, PAN and PAR on activated carbon at different pH values. The adsorbed beryllium was eluted with aqua regia and measured by flame atomic absorption spectrometry (FAAS). Recoveries of up to 85% were achieved. For removing chemical interferences and applying the method to Be determination in solid samples, the masking studies and reproducibility were examined. The detection limit was found to be 0.12 ng mL -1 . The relative sandard deviations (RSD) were found to be 8% for 60 mL of 10.0 ng mL -1 using 10 replicate enrichment procedures. Beryllium concentrations in the studied solid samples were found in the range of 0.28 -3.95 mg kg -1 .
Introduction
Beryllium is recognized among the exceedingly toxic metals, including As, Cd, Cr, Pb and Hg. The carcinogenic risks to humans from Be and Be compounds have been considered by the International Agency for Research on Cancer (IARC)-World Health Organization (WHO) since 1970. 1 In 1993, a monograph on Be, Cd and Hg was reported by IARC on the carciogenity of these metals in evaluating the new data. 2 Nowadays, it is known that Be affects the cellular membranes and bioaccumulates through binding to specific regulatory proteins, and Be and Be compounds are carcinogenic to humans.
Beryllium is lighter than aluminium and six-times stronger than steel. Thus, Be and its alloys with other metals are key components of materials used in the aerospace and electronic industries. 3 In brief, coal-fired power plants, industrial manifacturing and nuclear weapon productions and disposal operations have released Be to the environment. Despite the increasing use of Be, there is surprisingly little published information about Be concentrations and transport in the environment. Although acute and chronic Be poisoning occurs, mainly by the inhalation of industrial gases and dust, the determination of ultratrace amounts of Be in environmental samples is of interest, since it can indicate environmental pollution, and could provide some information of metal uptake through these sources.
In regard to the high Be toxicity, its acceptable ceiling concentrations in various matrices were described as 0.01 µg m -3 for respirated air 4 and 4.0 µg L -1 for drinking waters. 5 However, it is suggested by different national guidelines that Be concentrations should not exceed a limit of 0.1 µg L -1 for tap water and 0.2 µg L -1 for surface water. 6 On the other hand, Be levels in fresh water samples are generally < µg L -1 . 7 The daily exposure to Be of a normal USA citizens was estimated to be 0.00006 µg by inhalation of air, 0.4 µg from drinking water and 12 µg from food. 1 Thus, it can be said that the daily Be intake is mostly sourced from food in comparison with other sources. Hubert and coworkers 1 reviewed the data related to Be in food and drinking water. It is understood that Be levels in food samples change over to range from <1 to approximately 20 µg kg -1 , with few exceptions. 1 Because food-beryllium is sourced from soil and other environmental samples, the determination of Be in environmental solid matrices is significantly of interest. Bhat and coworkers 8 determined Be in soil samples in the vicinity of a Be metal plant using ET-AAS; they found concentrations to be in ranges of 0.325 -0.766 mg kg -1 . Ovari et al. 9 reported 1530 mg kg -1 Be in flying ash (emmited by oil fired power station) by using ICP-MS; they determined Be in sub-soil samples near this power station in ranges of 0.15 -0.68 mg kg -1 . Shuvendu et al. 10 reported Be in coal fly ash samples using ETAAS, and they observed concentrations in ranges of 0.92 -4.69 mg kg -1 .
Due to the allowable low levels of Be and its very low concentrations in food and environmental samples, such as water and soil, reliable and sensitive analytical methods are required for the determination of this metal. For this purpose, ETAAS, 6,7,10 ICP-OES, 7, 11 and ICP-MS 9,12 were generally used. However, FAAS 1, 13 was also used in connection with the enrichment procedure for the determination of Be in environmental and similar samples. Among several complexing agents, acetylacetone has been commonly used in the preconcentration procedure because the overall formation constant of Be acetylacetonate, Be(acac)2, is sufficiently high (about 2 × 10 22 ). [14] [15] [16] On the other hand, chromazurol B (CAB) and chromazurol S (CAS), 17, 18 eriochrome cyanine R (ECR), 19 arsenazo I 20 and morin 8 were also used for the determination of Be by spectrophotometry or fluorescence methods. In our laboratory, FAAS has been used succesfully for the determination of very low levels of various metals in different matrices after enrichment methods. [21] [22] [23] [24] [25] [26] [27] [28] [29] In this study, a preconcentration method was modified for the determination of Be at the µg g -1 level by FAAS because the interference effects from matrix components at the measurement step cause serious difficulties. The optimized method was applied to Be determination in different solid samples, including soil, coal and fly ash.
Experimental

Apparatus and reagents
An ATI UNICAM Model 929 flame atomic absorption spectrophometer (FAAS) equipped with an ATI UNICAM hollow cathode lamp was used for determinations. The optimum conditions for FAAS are given in Table 1 . The pH was measured with an EDT GP 353 ATC (Dover, Kent, UK) pH meter. In the enrichment procedure, magnetic stirrers and a centrifuge were used.
All glass apparatus (Pyrex) were kept permanently full of 1 M nitric acid when not in use. In the digestion work, aqua regia (one volume of HNO3 plus three volumes of HCl) was used. A stock standard Be solution (1000 mg L -1 ) was prepared by dissolving BeSO44H2O (Merck) in 2 M HNO3.
Buffer solutions in the range of pH 3.0 -11.0 ± 0.2 were prepared by using 0.1 M citric acid plus 0.1 M HCl/0.1 M NaOH, 0.1 M KH2PO4 plus 0.1 M NaOH, and 0.2 M H3BO3 plus 0.1 M HCl/0.1 M NaOH solutions.
A solution of 5% (v/v) acetylacetone was prepared by diluting 5.0 ml of concentrated acetylacetone to 100 mL with distilled water. A solution of 0.2% 8-hydroxyquinoline (oxine) was prepared by dissolving 0.2 g of oxine in 100 mL ethyl alcohol. Solutions of 0.05% PAN and PAR were prepared by dissolving 0.05 g of the reagents in 100 mL of ethyl alcohol. A morin solution of 0.06% was prepared by dissolving 0.06 g of this reagent in 100 mL of distilled water. In the enrichment procedure, a solution of 1 × 10 -3 % was prepared from this morin solution.
For masking of matrix elements in both the enrichment procedure and the measurement step, a solution of 5% EDTA was prepared by dissolving a suitable amount of EDTA in distilled water.
Activated carbon passed from a sieve of 325 mesh (Taylor) was purified by treating it with concentrated HCl for 3 h, washing with distilled water, drying at 110˚C and treating it with aqua regia for 24 h, as described elsewhere with a slight modification. 23 The mixture was filtered through filter paper (Advantec Toyo 5B, white ribbon), washed with water and dried at 110˚C. A suspension of 25 mg mL -1 in distilled water was prepared from this dried activated carbon.
Digestion of solid samples
Soil, fly ash and coal samples were taken from Elbistan Power Plant, Yatagan Power Plant, Sırnak and Diyarbakır area of Turkey. Dried samples were ground using a porcelain mortar and sieved from 100 mesh (Taylor) . Samples of 0.1 -0.4 g were digested using aqua regia (4 mL aqua regia was used for 0.4 g of the sample). After evaporation of aqua regia and occasional stirring, 3.0 mL of 2 M HNO3 was added, centrifuged and diluted to 60 mL with distilled water. The clear solution was preconcentrated using the optimized method. Blank digests were carried out in the same way. For the direct determination by FAAS, measurements were carried out from 3.0 mL of 2 M HNO3 after centrifugation twice.
Enrichment procedure
In the optimization studies, 60 mL of Be of 10 ng mL -1 were used as model solutions. The pH of the solution was adjusted to the desired value by adding solutions of HCl and NaOH, as described above. After adding the necessary buffer solution (10 mL), complexing agents, including acetylacetone plus morin (2 mL of 5% acetylacetone plus 5 mL of 1 × 10 -3 % morin), oxine (20 mL of 0.2%), PAN (20 mL of 0.05%) and PAR (20 mL of 0.05%) were separately added. Then, an activated-carbon suspension of 25 mg mL -1 was added and pH of the mixture was again adjusted to the studied pH, if necessary. The mixture was stirred mechanically for 10 min for acetylacetone plus morin, 30 min for the other ligands and filtered through a filter-paper (Advantec Toyo 5B, white ribbon). The residue was dried at 105˚C for 1 h. After transferring of the residue to a glass beaker, aqua regia (5 ml) was added and evaporated to near dryness. The detailed steps of enrichment scheme are given in Fig. 1 .
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Results and Discussion
Although the Be concentrations in the studied solid samples were in the ranges of the FAAS sensivitiy, it was observed that matrix components were significantly interfered at the measurement step. Therefore, a preconcentration/separation step was added to remove these matrix interferences. The parameters that are thought to affect the enrichment and measurement steps in the analytical scheme were examined. These parameters were investigated by using model Be solutions of 60 mL of 10 ng mL -1 containing matrix components at the following concentrations (mg L -1 ): Ca 2+ , 500; Mg 2+ , 200; Fe 3+ and Al 3+ , 100; Mn 2+ and Zn 2+ , 40. As a result, 60 mL portions of these solutıons were preconcentrated to the final volume of 3.0 mL. Thus, a 20-times enrichment factor was achieved. The effect of each parameter was tested three times.
Effect of the pH on the recovery
The model solutions of Be were preconcentrated using various pH values in the range of 3.0 -11.0, as described in Fig. 1 . It can be seen from Fig. 2 that recoveries of up to 85% in the range of pH 8.0 -10.0 were achieved by using acetylacetone (2 mL of 5%) plus morin (5 mL of 1 × 10 -3 %), due to a synergistic effect. The obtained recovery of less than 100% may be attributed to the dissociation of the Be-ligand complex and/or insufficient adsorption of this complex on activated carbon. However, this low recovery is not a defect because of the good precision of the recovery of 85%. Furthermore, recoveries of up to 75% in the pH range of 8.0 -9.5 by using oxine (20 mL of 0.2%) were obtained (Fig. 2) . On the other hand, insufficient recoveries were found (Fig. 3 ) by using PAN and PAR (20 mL of 0.05%). As a result, acetylacetone plus morin was chosen in all subsequent studies at pH 9.5 ± 0.2. It can be seen from Figs. 2 and 3 that the recoveries decreased in highly basic solutions (pH > 10). This may be attributed to the higher formation constant of the species of Be(OH)3 -and Be(OH)4 2-than that in the studied Be-ligand.
Effect of other parameters on the recovery
The recoveries of Be under the optimum conditions, including the pH of 9.5 ± 0.2 and 5.0 mL of morin plus 2 mL of acetylacetone were examined by adding different activated carbon amounts. It was found from Fig. 4 that the recoveries increased up to 85% by adding activated carbon of 125 mg, and did not change by increasing up to 200 mg.
The enrichment procedure was applied to the model Be solutions mentioned above by using different stirring times under the other optimum conditions described above. The results showed that 5 min was sufficient for the maximum recovery (85%), and the rocovery did not change for up to 60 min (Fig. 5) . Thus, a stirring time of 10 min was used in all subsequent studies.
Different acid mixtures including HNO3, HCl, H2O2 and HClO4 acids were examined to determine the best elution 723 ANALYTICAL SCIENCES MAY 2006, VOL. 22 Fig. 2 Effect of the pH on the recovery using acetylacetone plus morin and oxine. Fig. 4 Effect of the activated carbon amount on the recovery using acetylacetone plus morin. Fig. 3 Effect of the pH on the recovery using PAN and PAR. solution. It was found that the maximum recoveries were achieved by using aqua regia.
Interferences
Interferences from concomitant elements were investigated. It can be seen from Table 2 that the existence of some metals in the model Be solutions caused an important decrease in the recovery (to 65%). However, this decrease in the recovery was removed by adding an EDTA solution (15 mL of 5%). Consequently, the presence of Ca, Mg, Al and Fe concentrations of 5000, 500, 100 and 50 mg L -1 , respectively, did not cause a decrease in the steps of the analytical scheme. For determining this mechanism, the recoveries of the matrix elements in the optimized enrichment procedure were examined. From Table 3 , it can be seen that Ca, Mg, Al, Zn, Cu, Pb, Co and Ni, except Fe, were removed from the analyte solution (at least 90%). The effect of the volume of the EDTA solution on these recoveries shows that the complex formation of metal-EDTA was effective concerning these results. The higher formation constants of metal-EDTA complexes, except iron, than that in the metalacetyacetone 15 also support this explanation. According to these results, it is understood that the addition of EDTA is necessary to achieve a reliable and maximum recovery of Be.
Calibration graphs and precision
The calibration curve was observed to be linear in the concentration range of 25 -250 ng mL -1 using direct FAAS measurements. In the enrichment procedure, a calibration graph was obtained by using Be solutions of 60 mL in the concentration range of 2.0 -16.0 ng mL -1 (final volume: 3 mL). The calibration curve was linear in this concentration range. The equation of the curve was as follows:
The relative standard deviation (RSD) was found to be 8% for 60 mL of 10.0 ng mL -1 Be, for 10 replicate enrichment procedures. The level of Be in the blank was 0.2 ng mL -1 with a standard deviation of 0.04. Therefore, the detection limit (LOD), defined as three-times the standard deviation of the blank, was 0.12 ng mL -1 when 60 mL of the solution was preconcentrated to a final volume of 3 mL.
Accuracy and applications
To ensure that this method was valid, the recoveries of Be from soil samples fortified with this element were found by using the optimized enrichment method. Although a recovery of 85% was achieved in the enrichment procedure, it was found that 90% of the Be added to solid samples was recovered because the calibration graph was also prepared in the same way. The obtained recovery lower than 100% may be attributed to dissociation of the Be-ligand complex, as described above. Furthermore, the slope of the obtained calibration curve with the matrix components was found to be the same as that obtained with the standard additions method. These results show that using the calibration graph with matrix components should be preferred to the standard additions method. The adsorption losses were excluded, since the procedure was followed in exactly the same way, using the same glassware and the same reagents that were used throughout.
The optimized enrichment method was applied to the determination of Be in various solid samples, including coal, fly ash and soil. The obtained results are listed in Table 4 . The values given are the mean values of three different portions of the same sample. The Be concentrations were found to be in the ranges of (ng g -1 ): 284 -375 for soil samples, 2353 -3947 for fly ash and 417 -845 for coal samples (Table 4) . Eskenazy et al. reported Be concentrations in Bulgaria coal samples in the range of 700 -6900 ng g -1 .
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The obtained Be levels in Yata[an fly ash using enrichment method were found to be higher (24%) than that by using direct measurement, whereas this difference (16%) in Elbistan fly ash is less. This may be attributed to the differences of major compounds in the chemical composition of Yata[an and Elbistan fly ashes given in the literature. 31 
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Conclusions
A selective and reliable enrichment method was modified using adsorption on activated carbon for the determination of Be in solid samples. The observed interferences from Ca, Mg and Al were overcome by adding the EDTA solution as a masking reagent. Thus, interferences from the matrix components were minimized. The sensitivity of FAAS was increased up to 20-times by using the optimized method, which can be increased, if necessary. It is understood that preconcentration is also needed for Be concentration over the sensitivity of atomic absorption spectrometry.
